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 I
 
  اﻟﻤﺴﺘﺨﻠﺺ
  
 اﻟﺬي ﺗﻢ ﺗﺤﻘﻴﻘﻪ ﺑﺘﻄﺒﻴﻖ ﻃﺮﻳﻘﺔ اﻟﺘﻴﺎرات اﻟﺪواﻣﻴﺔ ﻟﻠﻔﺤﺺ حف ﻣﻦ هﺬﻩ اﻟﺪراﺳﺔ آﺎن ﻗﻴﺎس اﻟﻨﺠﺎاﻟﻬﺪ
ﻣﺤﻤﻮد ﺷﺮﻳﻒ اﻟﺤﺮارﻳﺔ ، وﺗﺤﻠﻴﻞ ﻧﺘﺎﺋﺞ /اﻟﻼإﺗﻼﻓﻲ ﻋﻠﻰ أﻧﺎﺑﻴﺐ ﻣﻜﺜﻔﺎت اﻟﺒﺨﺎر ﺑﻮﺣﺪات ﻣﺤﻄﺔ اﻟﺸﻬﻴﺪ
ﺗﻢ اﻟﻠﺠﻮء ﻟﻄﺮﻳﻘﺔ اﻟﻔﺤﺺ هﺬﻩ ﺑﻌﺪ ﺗﻜﺮار ﺣﺎﻻت ﺣﺪوث ﺛﻘﺐ .  ﻬﺞ اﻷﻣﺜﻞ ﻟﺘﻄﺒﻴﻘﻬﺎاﻟﻔﺤﺺ ﻟﻠﺘﻮﺻﻴﺔ ﺑﺎﻟﻨ
  . ﻷﻧﺎﺑﻴﺐ اﻟﻤﻜﺜﻔﺎت، ﻣﻤﺎ أدى ﻟﺰﻳﺎدة ﻓﻘﻮدات اﻟﺘﻮﻟﻴﺪ وزﻳﺎدة ﻋﺪد ﺳﺎﻋﺎت اﻟﺼﻴﺎﻧﺔ ﻏﻴﺮ اﻟﻤﺨﻄﻄﺔ
ﺑﻨﺎًء ﻋﻠﻰ ﻣﺎ ﺗﻘﺪم، ﺗﻢ ﺗﺤﻠﻴﻞ إﺣﺼﺎﺋﻴﺎت ﺻﻴﺎﻧﺔ اﻟﻮﺣﺪات ﺑﺎﻟﻤﺤﻄﺔ ﻟﻘﻴﺎس اﻟﺘﺤﺴﻦ اﻟﻨﺎﺗﺞ ﻋﻦ ﺗﺒﻨﻲ اﻟﻨﻬﺞ 
ﺗﻢ ﺑﻌﺪ ذﻟﻚ إﺗﺒﺎع ﻧﻬﺞ ﺑﺪﻳﻞ ﻟﻠﺘﻌﺎﻣﻞ ﻣﻊ اﻟﺒﻴﺎﻧﺎت اﻟﺘﻲ ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﻴﻬﺎ، ﺣﻴﺚ ﺗﻢ إﻋﺎدة ﺗﺤﻠﻴﻞ ﻧﺘﺎﺋﺞ . ﺬآﻮراﻟﻤ
ﺗﻤﺖ ﻣﻘﺎرﻧﺔ . اﻟﻔﺤﺺ ﺑﻄﺮﻳﻘﺔ اﻟﺘﻴﺎرات اﻟﺪواﻣﻴﺔ ﻟﻠﻮﺣﺪﺗﻴﻦ اﻷوﻟﻰ واﻟﺜﺎﻧﻴﺔ ﺑﻐﺮض إﺳﺘﻨﺘﺎج ﻧﻤﻂ ﺗﻠﻒ اﻷﻧﺎﺑﻴﺐ
راﺳﺔ اﻟﻌﻮاﻣﻞ اﻟﺘﻲ ﺗﺆﺛﺮ ﻋﻠﻰ اﻟﻌﻤﺮ اﻟﻨﻤﻂ اﻟﻤﺴﺘﻨﺘﺞ ﻣﻊ اﻟﻨﻤﻂ اﻟﻤﺘﻮﻗﻊ واﻟﺬي ﺗﻢ إﺳﺘﻨﺘﺎﺟﻪ ﻣﻦ ﺧﻼل د
هﺬﻩ اﻟﻌﻮاﻣﻞ ﺗﺸﻤﻞ اﻟﻌﻮاﻣﻞ اﻟﺘﺼﻤﻴﻤﻴﺔ، ﻃﺮق اﻟﺼﻴﺎﻧﺔ اﻟﻤﺘﺒﻌﺔ و اﻟﻤﻌﺎﻟﺠﺎت اﻟﻜﻴﻤﻴﺎﺋﻴﺔ . اﻟﺘﺸﻐﻴﻠﻲ ﻟﻸﻧﺎﺑﻴﺐ
ﻣﻦ ﺛﻢ ﺗﻢ ﻋﻤﻞ ﻣﻘﺎرﻧﺔ ﻟﻠﻨﻬﺞ اﻟﺬي ﺗﻢ إﺗﺒﺎﻋﻪ ﻣﻊ اﻟﻨﻬﺞ اﻟﻤﻘﺘﺮح، ﺑﻨﺎًء ﻋﻠﻰ ذﻟﻚ ﺗﻤﺖ اﻟﺘﻮﺻﻴﺔ ﺑﺎﻟﻨﻬﺞ . ﻟﻠﻤﻴﺎﻩ
  .اﻷﻣﺜﻞ
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Abstract 
 
The main objectives of the study was to measure the success achieved by the way 
the Eddy Current Inspection Method was applied to the steam turbine condenser 
tubes of Khartoum North Power Station (KNPS), and to analyze the inspection 
result to recommend the optimum way of implementation. Adoption of this 
method was necessitated by the frequent condenser tube failure incidents that 
resulted in high generation losses and unplanned maintenance hours. 
Consequently, KNPS outage statistics were analyzed to measure the 
improvement achieved by the adopted approach. Next, an alternative approach 
was applied. Results of Unit 2 and Unit 1 condenser eddy current tube inspection 
were re-analyzed find the failure pattern which, in turn, was compared to find the 
expected failure pattern. Expected failure mechanisms was deduced by studying 
the factors that affect the life span of condenser tubes related to condenser design, 
maintenance practices and chemical treatment of water. Finally, the two 
approaches were compared and optimum practice recommended. 
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Chapter 1: Introduction 
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Introduction 
1.1. Preamble 
One of the major objectives of power plant management is to maximize the 
equipment availability and to reduce downtime. This has urged the development 
of better maintenance practices that satisfies the required objectives. Historically, 
the dominant maintenance practice was the reactive type, i.e. waiting for failures 
to occur and then fix them. Obviously, this had led to the increase of unplanned 
downtime and the rise of subsequent failures of related equipment. Next, the time 
based maintenance was adopted to fix failures before they occur. Unfortunately, 
the difficulty to determine the optimum time interval between maintenance jobs 
has made it also less attractive. Finally, the solution was found in maintenance 
practices which are based on the actual condition of equipment. 
In the condition based type, maintenance is usually scheduled as a result of some 
regular measurement or assessment of plant condition, by trending of a parameter 
or parameters, and prediction of lead time to failure. The aim is to perform 
maintenance work only when “and where” necessary. Some studies have 
estimated that a properly functioning condition based maintenance program can 
provide savings up to 40% over a time based program [1]. 
Techniques used to obtain information about equipment condition vary according 
to the equipment type and type of application. With respect to the rotating 
equipment, for example, vibration measurement, thermography and oil analysis 
are important techniques to detect and eliminate potential failure causes. On the 
other hand, structural integrity is vital for stationary equipment like pressure 
vessels and heat exchangers. For this purpose, the most powerful techniques are 
the Non Destructive Testing Methods (NDT).  
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This study investigates the application of one of the NDT methods, namely the 
Eddy Current Method, in the inspection of steam turbine condenser tubes in 
Khartoum North Power Station (KNPS). Adoption of this method was 
necessitated by the failure of the traditionally adopted techniques to eliminate 
frequent condenser tube failure incidents. Consequently, generation losses and 
unplanned maintenance hours increased to unacceptable values. The main focus 
of the study will be to measure the success achieved by adopting this method and 
to analyze the inspection result to recommend the optimum way of 
implementation. 
1.2. Objectives: 
The main objectives of this study are to: 
• Evaluate the approach implemented in KNPS to utilize eddy current 
inspection findings. 
• Recommend optimum implementation of the eddy current method. 
1.3. Scope: 
• The study will be limited to KNPS Phase 1 units, on which eddy current 
method was applied. 
• The study period over which forced outage statistics were studied is 
between the start of 2003 and the end of 2007. 
• Technical indicators, rather than economical or other indicators, will be 
used in the evaluation process. 
1.4. Assumptions: 
• Both KNPS Phase 1 unit condensers, Unit1’s and Unit2’s, were subjected 
to the same quality of steam and cooling water, loading and environmental 
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conditions throughout their service lives. Therefore, both condensers were 
subjected to the same tube failure mechanisms. 
1.5. Methodology: 
• Analysis of KNPS forced outage statistics during the selected five year 
study period to determine the significance of tube failures to energy losses 
and number of forced outages. 
• Complete analysis of eddy current results to find the root causes of the 
defects reported, comparing Unit 1 and Unit 2 results and taking into 
consideration the following aspects:  
o Condenser design 
o Expected failure mechanisms 
o Surrounding environment  
o Operation and maintenance history 
1.6. Thesis Outline: 
This thesis is written in seven chapters which include, in addition to this first 
chapter, the following: 
• Chapter 2 (Literature Review): contains critical review of relevant papers 
addressing the condenser tube inspection experiences in some power 
plants. 
• Chapter 3 (Overview of the Condenser): focuses on the design of the 
condenser, presenting an overview of common tube failure mechanisms 
and the maintenance practices performed. 
4 
 
• Chapter 4 (Condenser Tube Failure Problem): discusses the significance of 
condenser tube failure problem, highlighting the role of water quality. 
Methods of detecting contamination resulting from tube failures are 
discussed. Finally, techniques for locating defective tubes are shown. 
• Chapter 5 (Eddy Current Method): description of the physical principle 
involved. Details of equipment and inspection procedure. Inspection results 
and the types of reports generated. Limitations of the method. 
• Chapter 6 (Discussion and Analysis): forced outage statistics analysis 
findings, impact of implementing eddy current method; Alternative 
recommended approach to benefit from eddy current results. 
• Chapter 7 (Conclusion and Recommendations). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2:  Literature Review 
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2. Literature Review: 
 
Aluminium brass was selected for KNPS condenser tubes among many other 
materials generally used for this purpose. The list includes: copper-nickel, 
titanium and carbon steel. (Bell R.J. et al,1982) [2] pointed out that the 
aluminium brass tubes may have a service live of more than 20 years in fresh and 
salt water. They realized that aluminium brass tube failures are of a random 
nature, which made it difficult to draw conclusions about specific trends. 
However, they noticed that it has similar failure tendencies as those of admiralty 
brass which is highly susceptible to ammonia attacks, steam erosion and localized 
impingement.  
Another interesting observation of the latter study is the effect of condenser tube 
failure on generating capacity. According to the survey findings, the effect on 
equivalent unavailability was limited to 0.08%, which is extremely lower than the 
value of the same percentage in KNPS. 
Early researchers had much less confidence in eddy current inspection compared 
to recent studies. However, the success of eddy current in areas other than 
condenser inspection had drawn attention to the benefits of this method.  A 
typical example for that is the study conducted by MPR Associates (1980) [3]. 
This study recommended developing a set of eddy current equipment and 
procedures for condensers similar to those developed for steam generators. They 
stressed the importance of performing a "baseline" field test for all tubes to be 
used for future comparisons with following inspections. Nevertheless, they stated 
that eddy current inspections have a wide variance in sensitivity. 
More doubts about eddy current shortcomings were raised by Bechtel Inc (1982) 
[4]. This study analyzed several areas where failures cannot be detected by eddy 
current such as: tube-to-tubesheet joints and seam leaks (from water box along 
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stud threads to steam space). They found tracer gas method to be effective in 
revealing such leaks. 
Several papers focused in verifying the accuracy of eddy current method by 
comparing results with others obtained using different methods. (Paulhac F., 
2000) [5] showed how the results of a rotating coil eddy current inspection where 
confirmed by a destructive test (pulling, cutting and visually inspecting tubes). 
(Fernandez E. and Hansen D. B., 2000) [6] compared the results of an eddy 
current inspection to measurements obtained using optical microscopy. They 
noticed an overall good correlation between depths measured by each method 
with an average error of about +5.07%. 
Perhaps the most comprehensive study ever conducted to understand the factors 
that affect the reliability of eddy current method was the one performed by 
(Krzywosz K. ,1998) [7]. This study was done on mock-up samples with both 
service induced defects and manmade defects. The defects were representative of 
several types that occur in the inner and outer diameter. The objective was to 
understand the effect of tube material and operator training on the reliability of 
inspection. Results of this study are summarized below. 
  
i. Effect of Tube Material: 
(Table 2-1) shows the highest discontinuity detection measured by 
different techniques. Good results were achieved by conventional eddy 
current method on all non-ferromagnetic tubes. 
ii. Effect of Operator Training: 
(Table 2-2) shows the conventional eddy current tests performed by two 
different operators. The results clearly show the big significance of 
operator training on the success of the method. In the case of stainless 
steel, discontinuity detection dropped from 91% to 58%. Also worth 
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noting, the fact that this reliability drop is much less significant in the case 
of admiralty brass (92% to 89%). 
  
Eddy current inspection is a tube condition assessment method rather than a leak 
locating method.  This fact is clearly evident when looking to the practice 
presented by (Paulhac F.,2000) [5]. Here, eddy current inspection was used just 
to explain the nature of defects in tubes that had already been detected leaking 
using Helium leak test. Another similar experience was presented by (Putman R. 
E. et al, 2000) [8] which involved using eddy current to inspect "insurance-
plugged" tubes, i.e. tubes surrounding those detected by traditional methods, and 
were plugged to avoid/delay further failures of the same mechanism. After 
inspecting "insurance-plugged tubes" and eliminating the root cause of failure, 
these tubes may be brought to service again if their inspection results were 
negative. 
Selecting the frequency of eddy current inspection is very important for better 
maintenance planning. (Putman R. E. et al, 2000) [8] suggests that instead of 
performing the inspection only when frequent tube leaks are experienced, a 
regular time-based inspection schedule should be implemented. He stressed that 
the data obtained from each inspection should be archived to be compared with 
those obtained from previous or next years. He also emphasized the significance 
of logging all important changes in operation and maintenance practices. These 
changes could involve events like mechanical cleaning and changes in water 
treatment. 
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Table 2-1: Effect of tube material on discontinuity detection by conventional eddy current 
method 
Tube Material 304 Stainless 
steel 
Titanium 90-10 Cu-Ni Admiralty 
Brass 
Discontinuity Detection% 91% 98% 91% 92% 
 
Table 2-2: Effect of operator training on discontinuity detection performance by eddy current 
testing 
Test 304 Stainless 
steel 
Titanium 90-10 Cu-Ni Admiralty 
Brass 
Operator 1 91% 98% 91% 92% 
Operator 2 58% 52% 83% 89% 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3:  Overview of the Condenser 
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3. Overview of the Condenser 
 
3.1. Introduction: 
Before trying to analyze the failure patterns of condenser tubes, it is vital to 
understand the design of the condenser. This includes understanding of geometric 
configurations, types of materials used and flow patterns. Moreover, it is equally 
important to be aware of the effect of the condition of flowing mediums at 
different locations on condenser design. This chapter focuses on these design 
aspects of the condenser, starting with a brief introduction of the power station. 
Then, it goes into details of design description. Secondly, an overview of 
common tube failure mechanisms is discussed. And finally, the chapter is 
concluded with the maintenance practices usually performed on the condenser 
tubes. 
3.2. Khartoum North Power Station (KNPS) 
Introduction 
The first steam power station in national grid of Sudan, opened in 1930, was 
Burri Steam Power Station with an installed capacity of 5MW. This small power 
station was assisted by some hydro & diesel power stations until it was retired a 
few decades later. By the start of the seventies of the last century, Roseris hydro 
power station was the biggest station and was committed to supply the increasing 
demand of electricity along with some relatively small scale diesel and gas 
turbine units. However, the remote location of Roseris from the main demand 
center at Khartoum led to high energy losses. This problem necessitated building 
a thermal power station close to Khartoum; this was realized by the construction 
of Khartoum North Power Station (KNPS).  
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General Description of KNPS 
KNPS was constructed on two phases. The first phase of KNPS, known as PH1, 
was opened in 1985 comprising (2×30MW) units. PH1 was followed in 1994 by 
(2×60MW) units as an extension known as PH2 to increase the total capacity of 
the power station to its current capacity of 180MW. 
Generally speaking, each of the four units of KNPS comprises a single cylinder, 
multi-stage, condensing steam turbine. A two section, two pass type condenser is 
employed. Cooling water for the condenser is supplied through a closed circuit 
which includes an induced draught cooling tower. The units are arranged with 
five stages of feed water heating. Steam is supplied by oil fired; water tube boiler 
which produces superheated steam with the required quality. Details for each of 
PH1 units are described in (Table 3-1). 
Auxiliary systems which are common for each phase are: auxiliary cooling water 
system, service air system, fire fighting system, drainage system and heating and 
ventilation system. 
In addition to the main components of the power plant, some supporting areas are 
present, such as the demineralization plant, which supplies the boilers with pure 
demineralized water. Demineralization plant is supplied with clarified water from 
River Nile through a settling and clarifying riverside station which also directly 
supplies the cooling water and fire fighting systems with clarified water. Fuel oil 
unloading area contains unloading headers for both road and railway tankers 
from which fuel oil is pumped to the storage tanks. 
An extension to the existing power station is currently under construction which 
consists of additional (2×100MW) units to be the last phase “PH3”. The first unit 
of this new extension is proposed to finish by the end of 2009, while the second 
will finish early 2010. 
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Up to present time, KNPS is the leading steam power station in the grid of 
National Electricity Corporation (NEC), and it was the biggest thermal power 
station until the year 2003 when Garri Combined Cycle Power Station, with a 
total capacity of 330 MW, was put into service. 
The organizational structure of KNPS comprises three major departments: 
operation, maintenance and efficiency and planning departments. Maintenance 
department is subdivided into sections for turbine, boiler, electrical and 
instrument and control maintenance. All main stream operations of KNPS are 
carried out by the full time staff of the station. The exception for that is 
specialized areas such as NDT or high pressure welding, for which service 
companies are contracted. 
The site of the power station includes a warehouse, a workshop, a laboratory and 
the necessary administration buildings. The remaining free spaces are 
satisfactorily enough for any future expansions. 
The station is provided with a modern computer network connected to the 
intranet of the National Electricity Corporation and to the World Wide Web. 
There are two software packages used for communication and data management: 
• Lotus Notes: which is used as an email program, as well as a document 
library database. 
• WOMS: this is a work order management system for tracking maintenance 
and repair work orders. 
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Table 3-1: Basic Design Data of KNPS Phase 1 Units 
Source: KNPS documents and data sheets 
Boiler data  
Manufacturer ICL  
Year of manufacture 1981 
Evaporation 37.799 kg/s 
Steam pressure 64.9 bar g 
Steam temperature 488ºC 
Drum design pressure 77.6 bar g 
Feed water temperature 198ºC 
F.D fan motor rating 242 kW 
F.D design capacity 34.8 Nm³/s 
BFP motor rating 595 kW 
Furnace gas temperature 1180ºC 
Fuel oil flow 2.33 kg/s 
Air /fuel ratio 14.8 
Turbine data  
Manufacturer Parsons Peebles 
Year of manufacture 1981 
Economic rating 30 MW 
Maximum capability 33 MW  
Number of turbine stages 44  
Steam pressure at turbine stop valve 62 bar g 
Steam temperature at turbine stop valve 482ºC 
Absolute pressure at turbine exhausts 68 mbar abs 
Rated steam flow 34.2 kg/s 
Rotational speed 3000 rpm 
Over speed trip setting 3300 rpm 
Condenser total No. of tube 5149 
Condenser C.W flow 6500 m³/H 
Heat rate 11083 kJ/kW.hr 
Generator data  
Manufacturer Parson Peebles 
Year of manufacture 1981 
MCR rating 41.25 MVA 
Rated terminal voltage 11.8 kV 
Rated current 2.018 kA 
Rated speed 3000 rpm 
Rated power factor 0.8 
* MCR= Maximum Continuous Rating 
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3.3. The Condenser 
3.3.1. Condenser Design Description 
The condenser’s function is to condense the steam exhausted from the turbine 
and also accommodates drain and vapour release connections from heaters and 
other equipment associated with the condensate system. (Table 3-2) summarizes 
basic design data for Phase 1 unit condensers. The condenser assembly consists 
of a shell, a bellows piece, fabricated water boxes, tube-plates and condenser 
tubes [9]. 
Shell: 
The condenser shell is mild steel cylindrical fabrication strengthened internally 
by mild steel ribs. The bellows piece is welded to the return end of the shell with 
a return water box welded to it. The mild steel bellows accommodates the 
differential expansion between the tubes and the condenser shell. 
Water boxes: 
The inlet/outlet water box is divided into four sections to provide two inlets and 
two outlets and the return water box is divided into two sections. This 
arrangement provides a double flow of cooling water through each half of the 
condenser to facilitate isolation of one half while the other is in service (Figure 3-
1). 
Tubes, tube plates and sagging plates: 
The condenser tubes are made of aluminium brass. The ends of each tube are 
secured in the tube plates by expanding the ends in a parallel fashion and the inlet 
ends are bell-mouthed to improve the water flow. Between the tube plates, tubes 
are supported by seven sagging plates (Figure 3-2) with drilled holes slightly 
bigger than tube outer diameter (Figure 3-3). Tube plates are arranged so that 
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each tube is slightly higher at its centre than its ends (Figure 3-4). This creates a 
slope towards each tube plate, which ensures total drainage of the tubes when 
necessary. 
Tube-nest steam side design: 
The upper sections of the tube-nest are arranged to improve the use of the high 
incident velocity of the steam so it flows in the required direction to avoid high 
pressure drop across the tube-nest. The design should also avoid very low 
pressure drop to prevent high velocity steam jet to enter the air-cooling section. 
The air-cooling sections of the tube-nest are located in the lower partitions of the 
condenser covered by special baffle plates. Non-condensable gas suction 
branches are located near the cooling water inlet tube-plate. By this arrangement, 
steam must travel axially along the condenser to reach the air-cooling section.  
 
 
Table 3-2: KNPS Phase1 Condenser Design Data 
Source: KNPS Ph1 operation and maintenance manual, Section 5, Volume 2 
Surface area 2545 m2 
Number of tubes 5144 
Overall Tube length 6293 mm 
Tube outside diameter 25.4 mm  
Tube thickness 1.22 mm 
Tube material Aluminium brass 
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Figure 3-1: Cooling water double flow pattern in condenser. 
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Figure 3-2: Cross section of the condenser showing the arrangement of sagging plates 
and tube plates. “All dimensions are in mm” 
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Tube plates  
Figure 3-4: a sketch showing the lift of sagging plates. 
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Tube: 25.4 mm 
Figure 3-3: Difference between sagging plate hole diameter and tube outer diameter and 
tube pitching.  
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3.3.2. Condenser Common Tube Failure Mechanisms 
Erosion and Erosion/Corrosion (E/C): 
Erosion and Erosion/Corrosion are the most dominant causes for condenser tube 
failures. They may develop by any of the following phenomena. 
General impingement attack: which is characterised by an overall surface 
roughening and horseshoe shaped undercut pits the extent of which depends upon 
the extent of local turbulence. The attack is aggravated by water containing high 
suspended solid particles. 
Tube Inlet impingement attack: is a localized form of impingement attack 
associated with high inlet water velocities and air release. It has the same 
characteristics as general impingement attack. 
Impingement attack at lodged debris: Accumulation of debris may result in 
partial blockage of tubes, which in turn result in high local water velocities due to 
reduction of flow area. Examples of such particles are waterborne debris and iron 
oxide from water box or cooling water piping. 
Deposit Attack: 
This type of attack occurs under condition of stagnant or low water velocities. 
Deposition of inert materials, such as sand, causes oxygen depletion of the 
particle-to-tube interface leading to differential aeration and anodic dissolution of 
tube material. 
Hot Spot Corrosion: 
This rare type of attack is a form of localized pitting that occurs at hot spots on 
condenser tube because of low water velocity and/or high heat fluxes. 
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Characteristics of such an attack are highly localized pitting, the pits of which 
often contains copper. 
Stress Corrosion Cracking (SCC): 
SCC can result due to high residual stresses from manufacturing of tubes, or at 
the tube-to-tube plate expansion joints where cracks initiate at the edges of the 
expanded region on the cooling water side and propagates into the tube wall 
under the influence of residual stresses remaining from the rolling-in process. 
The corrosive medium is usually found to be ammonia. 
Corrosion Fatigue: 
Occurs at tube mid span due to excessive friction with adjacent tubes by the 
action of structure-borne vibration or steam motion. Tube failure by mechanical 
wear may also occur due to the same phenomena. 
Steam side Ammonia Corrosion: 
Ammonia attacks brass alloy air cooler tubes in the form of pits on the external 
tube surface, with grooving at points adjacent to tube plates and support plates. 
Failures not caused by service: 
This category includes failures resulting from improper manufacturing, handling, 
installation or maintenance. Examples of manufacturing defects are incomplete 
weld seams “if applicable”, or rolling seams “for seamless tubes”. Improper 
handling and installation can cause dents on tube surfaces or excessive stresses. 
Chemical cleaning can cause severe pitting when the exposure to cleaning 
chemical is too long [10]. 
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3.3.3. Condenser Maintenance 
Taprogge© Cleaning Ball System: 
Description: 
The Taprogge© system is an on-load cleaning system to prevent the deposition of 
scale, inert deposits or biological matter on internal tube surface. The basic idea 
is to circulate sponge rubber balls in the cooling water. These balls are injected at 
the cooling water inlet to the condenser and then collected at the outlet by a 
strainer to be injected back to the inlet (Figure 3-5). During their passage inside 
the tubes, the slightly bigger diameter balls are compressed to perform an 
abrasive cleaning action to the tube inner surface to minimize the deposition.  
Existing System Components: 
To perform this function, each half of the condenser is equipped with a system 
that comprises a pump, a collector, a strainer in addition to the necessary piping 
and valves. For Ph1 units, each of the 50% duty ball collectors is designed to 
carry 200 balls.  
Cleaning Balls: 
Several types of balls are available classified as soft, normal, hard and extra-hard. 
Typical examples of balls used are shown in (Figure 3-5) with size comparison to 
tube diameter. Ball type selection depends on the cooling water conditions, the 
greater the risk of scaling, the more abrasive the ball required. The number of the 
balls normally used is sufficient for each tube to receive a ball each 5 minutes. 
System Operation: 
The system should be operating continuously, and to catch the balls regularly 
after a preset period of time to check them and replace worn or lost balls. 
However, because Ph1 condenser tubes were prematurely approaching the end of 
their operating life, a different procedure was implemented recently in KNPS, 
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which is to operate the system intermittently when the condenser performance 
deteriorates. 
Advantages and Disadvantages of the system: 
It has been proven on various condensers to be very effective in keeping tubes 
clean, in addition to reducing the quantity of chemical dosing required. However, 
it may eventually lead to thinning of the tubes in the long term [11]. 
 
Acid Cleaning: 
Acid cleaning is used for tube scale removal when necessary in the annual 
overhaul or, in serious situations, when other on-load methods are not sufficient. 
Acid cleaning is usually performed off-load by filling the condenser with a 
solution of acid, such as sulphuric acid, and leaving it to soak at ambient 
temperature for several hours. This procedure may be performed on-load, in a 
reduced load, where isolation of parts of the condenser is possible. It is important 
during acid cleaning to flood the steam side with de-mineralized water “make-up 
water” to prevent acid ingress. 
The efficiency of acid cleaning is about 50% because the accumulation of gas 
that breaks acid/tube interaction, ‘known as gas blanketing’, which is generated 
by the action of the acid on the calcium carbonates. Moreover, stress corrosion 
cracking of expanded tube ends may occur due to acid cleaning [12]. 
 
Mechanical Cleaning (Bulleting): 
Various types of bullets are forced inside the tubes by means of a combination of 
compressed air and pressurized water. Two types of bullets are generally used: 
metallic scrapers, and nylon brushes (Figure 3-6). Special high-pressure water 
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pump is used connected to the operating ‘gun’. Compressed air is available from 
the station common service air system. 
Generally, this method does not remove the scale satisfactorily, yet it is the most 
extensively used during annual overhauls to clean the condenser. 
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Figure 3-5: Taprogge© system cleaning balls. The orange ball is a sponge rubber ball, while 
the smaller grey ball is coated with some more abrasive matter. A piece of 
condenser tube is shown for size comparison. 
Figure 3-6: Typical cleaning bullets: a metallic scraper ‘left’ and a nylon brush ‘right’. A piece of 
condenser tube is shown for size comparison. 
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4. Condenser tube failure problem 
 
4.1. Introduction: 
Condenser tube failures are major contributors to loss of availability and output 
of generating units. They are caused by different chemical and mechanical 
degrading mechanisms. However, the chemical group of mechanisms is the most 
dominant since corrosion is the primary cause of failures, and consequently, 
requires more attention. This chapter addresses the condenser tube failure 
problem in KNPS starting by introducing the chemical qualities of water used in 
different station components and the stages of treatment employed. Then, a 
definition of the condenser tube failure problem is presented showing its impact 
on other power plant equipment. Next, the method of detecting contamination 
resulting from tube failures is discussed. Finally, some techniques for locating 
defective tubes are discussed, showing the advantages and disadvantages of each. 
4.2. Power plant water chemistry 
4.2.1. Classification of water qualities used in KNPS 
Raw water:  
Raw water is the River Nile water in the case of KNPS. The River Nile water is 
generally considered as ‘good quality’. The term ‘Good quality’ is used to 
indicate that the impurities in the River Nile water are relatively less harmful 
compared to other rivers. Nevertheless, several impurities can be found in raw 
water: 
Suspended matter:  
Suspended matter is present in two forms: 
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• Particles such as sand, mud and biological matter (eg. Algae, 
microorganisms). 
• Collide: organic or inorganic particles, which are smaller in size compared 
to the particles. These particles tend to repel each other due to their similar 
charges. Chemicals such as polymers or aluminium sulphates are added to 
make those charges dissimilar and hence make the particles attract each 
other to form bigger size particles that are easier to sediment. 
Suspended matter is removed in the clarification process in the river-side station, 
where pre-settlers and clarifier are utilized to perform this task. Special chemicals 
such as calcium hypochlorite should be used to kill water borne biological matter 
and prevent their growth in the system components. 
Dissolved Matter: 
This category of impurities is removed in the demineralization plant after 
clarification in the riverside station. Demineralization plant comprises a filter, 
anion and cation resin vessels, de-gasser tower and a mixed bed for fine final 
treatment. There are two types of dissolved matter: 
• Dissolved gases: such as oxygen and carbon dioxide. 
• Dissolved ions: these involve cations such as Ca2+, Mg2+ and K+. And 
anions such as SO42-, CO32-, PO43-. 
Clarified Water:  
Clarified water is the product of the clarification process in the riverside station. 
i.e. clear from suspended matter but still have the dissolved matter. This water is 
used as cooling water for the steam condenser, generator air coolers, lubrication 
oil coolers and auxiliary cooling water coolers. 
25 
 
Make-up water:  
This is the product of the demineralization plant, parameters of which are 
carefully controlled to suit the specifications of boiler feed water. 
4.2.2. Cooling Water Chemistry (CW): 
Cooling water is circulated from the condenser to the cooling tower where it is 
cooled by an induced air flow, by means of cooling tower fans, against a 
downward flow of the water (Figure 4-1). About 1% of the cooling water is lost 
by evaporation in the cooling tower. The leaving vapour is free from salts and 
suspended matter; hence the cooling water is concentrated. Blow-down “or 
purge” and make-up from clarified water takes place to maintain the 
concentration at acceptable limits to avoid scale formation on condenser tubes 
and other heat exchangers in the circuit. 
Scale prevention: 
Scaling of condenser tubes results in a loss of heat transfer, which reduces the 
unit power output. Scale arises usually from high concentrations of calcium 
carbonates or calcium phosphates, with the latter being of less significance in the 
River Nile water.  
Scale formation is chemically prevented by maintaining acidic pH value by 
dosing of an acid such as sulphuric acid as practiced in KNPS. Precise control of 
acid dosing is necessary to avoid exceeding acidity limits when water becomes 
corrosive to condenser tubes. Additional chemicals are also used to prevent scale, 
namely phosphonates, which modify the crystal structure of the scale forming 
compounds. 
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Biological Matter prevention: 
Algae are the main biological matter encountered in the cooling water circuit. 
Generally speaking, algae effects to cooling tower and smaller heat exchangers in 
the circuit are more serious than to the relatively larger diameter condenser tubes. 
Dosing of calcium hypochlorite, or chlorination, should take place to control 
biological matter. However, when interviewed on 19.11.08, Eng.Abusaif* advised 
that an alternative approach is used in KNPS. A chemical known commercially 
as “Biocide” is manually added from time to time when visual inspection of 
cooling tower cells reveals high growth of algae. Biocide causes algae mass to be 
removed with the falling water to the cooling tower basin to go with the blow-
down. 
 
4.2.3. Feed Water Chemistry: 
Although all impurities in the make-up water are removed or reduced to 
acceptable limits, yet more can be induced to feed water. Sources of such 
impurities are leakages from cooling water circuit “i.e. condenser or cooler tube 
failure”, or from the plant itself due to corrosion of plant items. Corrosion is 
controlled by maintaining alkaline pH and by removing of dissolved oxygen. 
Feed water pH Control: 
By using volatile alkalis, such as ammonia (NH3), excessive accumulation of 
alkali in the boiler water is avoided, since the volatile alkali will pass with the 
steam. In KNPS ammonia is added to the condensate leaving the condenser. A 
major disadvantage of using ammonia is its tendency to form high concentrations 
in the non-condensable gas off-take section of the condenser, which results in the 
corrosion of the copper-based alloy of the condenser tubes [11]. 
                                                 
* KNPS Chemical Engineer  
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Oxygen Control: 
Oxygen removal, or de-aeration, is accomplished by either: 
Physical De-aeration: is performed in two points in the feed water system. The 
first is the condenser, by removal of non-condensable gases just above the 
surface of the condensed water to maintain vacuum in condenser steam space. 
The second point is the de-aerator, where the higher temperature feed water, after 
passing through the low pressure heaters, is injected with live steam bled from 
turbine to produce the ‘steam stripping’ effect.  Gases carried by steam are then 
vented to condenser to be removed by the air ejectors. Unfortunately, in KNPS 
Ph1 units the latter point, the de-aerator, is function-less due to some defects in 
the bled steam system. 
Chemical De-aeration: should be performed as an additional precaution to 
remove remaining traces of oxygen that has not been removed by physical de-
aeration. An oxygen scavenger chemical, such as hydrazine (N2H4), is added at 
the de-aerator to perform this function. A characteristic of hydrazine reactions 
that ammonia can be produced in high temperature zones. However, the use of 
hydrazine was banned internationally due to its dangerous effects to health. In 
KNPS, hydrazine was replaced 4 years ago by another chemical commercially 
known as ‘Mekor’ or ‘boilex500’. 
4.3. Description and Impact of condenser tube failure 
This problem occurs when one or more of the condenser tubes suffer a 100% wall 
loss in the form of pitting or gradual loss due to corrosion, erosion, wear, or any 
other failure criterion. This failure causes the higher pressure cooling water to 
leak into the condenser steam space, which is under vacuum, causing a serious 
contamination of boiler feed water with the lower quality non-demineralised 
cooling water. Unless an immediate action is taken, continuous operation with 
28 
 
such feed water quality will eventually lead to further defects in other plant 
equipment. The impact of tube failures depends on the quantity and quality of the 
cooling water in-leakage [10]. 
Boiler tubes could be affected by contamination resulting from tube failure in 
many forms. One form happens when mineral salts from the cooling water, such 
as MgCl, reacts with the water to form acids. Acids in turn react with iron and 
iron oxides to produce hydrogen. Hydrogen is responsible for a serious attack 
known as ‘Hydrogen Embrittlement’ “or Decarburisation”. This type of attack is 
due to the reaction between hydrogen and the carbon in steel to form methane 
CH4. Hydrogen embrittlement results in a reduction in ductile strength, which 
may result in sudden boiler tube failures. 
Another effect of contamination is ‘Scale’. Scale is a deposited layer of slightly 
soluble salt formed on heat transfer surface when the solubility limit of the salt is 
exceeded. It consists commonly of calcium and/or magnesium combined with 
sulphate, carbonate or phosphate. Tube failure by overheating is a result of heavy 
scale deposition inside the tube. In addition to causing tube failures, scale also 
decreases heat transfer and, consequently, decreases boiler output. 
A combination of corrosive environment and a mechanical phenomenon such as 
stress or fatigue may result in a damage which is usually greater than the sum of 
damage by corrosion and stress/fatigue each acting separately. Stress Corrosion 
Cracking “SCC” results from localized concentration of dissolved salts that forms 
acid or alkaline solutions, in addition to a high stress to which the tube metal is 
subjected. Corrosion Fatigue is the cracking of metal resulting from the combined 
action of a corrosive environment and repeated alternate stress. 
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4.4. Detection of feed water contamination 
Optimum detection of contamination with cooling water is done by continuous 
online measurement of condensate and feed water conductivity and sodium [10]. 
Unfortunately, almost all online chemical monitoring equipments in KNPS are 
presently out of service. Alternatively, samples are manually taken from boiler 
water drum to be examined in the station laboratory.  
Contamination is usually detected in the chemical analysis of the boiler water 
parameters as an offset of the normal operation values. There are several 
parameters that their offset indicates a boiler contamination. However, the most 
significant parameters in KNPS are the Total Hardness and the pH value of steam 
drum sample as explained by Eng.M.Badr Eldin∗ when interviewed on 
17.11.2008. He further explained the significance of the total hardness is due to 
the fact that the untreated River Nile water mainly contains carbonates and 
bicarbonates ions, which give rise to the total hardness value. He also explained 
that before recommending unit shutdown due to contamination, the practice is to 
increase the frequency of sampling and taking additional corrective actions, such 
as increasing boiler blow down and adding more chemical dosing, and to verify 
the accuracy of the results before taking the shutdown decision. 
4.5. Methods for locating leaking tubes 
There are several methods available to locate leaking tubes either with the unit on 
or off-load. However, on-load methods have never been implemented in KNPS 
because it requires online monitoring devices for condensate water quality, which 
is not available. On the other hand, even the use of off-load methods was limited 
to only two methods: flooding method and foam method. 
                                                 
∗ Senior Chemical Engineer of KNPS 
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4.5.1. Flooding Method: 
The flooding method is most straightforward as well as being the most frequently 
applied historically in KNPS. The basic idea of this method is to fill the steam 
space of the condenser with water “usually condensate make-up water”. Water 
will leak through defects into the tube and then to water boxes of the condenser 
where leaking tubes can be detected (Figure 4-2). Disadvantages of this method 
are: 
• Detecting leaking tubes may be difficult if there are many of them. 
• Leakage from upper tubes will flow down to lower tubes, which may lead 
to plugging the wrong tube. 
The reverse action of water pressure on the tubes compared with the normal 
operation condition “which is vacuum” may close up the leak in some cases [12]. 
4.5.2. Foam Method: 
The foam method requires creating vacuum in the steam space of the condenser 
after applying a layer of foam on both sides of tube nest, or on one side while the 
other is covered by a plastic sheet to maintain the vacuum inside the defective 
tube (Figure 4-3). Vacuum will develop in leaking tubes from steam space 
through defects, which will draw in the foam covering tube ends. The success of 
this method relies on maintaining enough vacuum to reveal leaking tubes. 
4.5.3. Other Methods for locating leaking tubes 
There are several additional methods to locate leaking tube, examples of which 
are: 
Flourescein method: which is an improved version of the flooding method. Here, 
the steam side is flooded with a solution of the sodium salt of fluorescein. The 
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water boxes are then examined with a black light (UV) source to detect leaking 
tube, which means more accurate detection since the visibility is enhanced by the 
flouresceince effect. However, the remaining disadvantages are the same as the 
simple flooding method. 
Bubbler Devices: the simplest type of bubbler devices is the one that involves the 
use of a jar of water as illustrated in (Figure 4-4). Tube leak will show as bubbles 
in when air flows through the water in the jar and then through the hole of the 
defective tube to the steam space of the condenser, which is under vacuum. A 
major disadvantage of this method that it has to be performed on each tube 
individually with one operator on each side, which make it relatively slow 
compared to the preceding two methods. 
Online condensate conductivity measurement: requires conductivity measurement 
probes to be installed in the condensate outlet pipework. The test is carried out by 
isolating condenser sections one at a time and monitoring differences in 
conductivity readings. This of course leads only to detect the location of the 
leaking section not the leaking tube itself. However, for larger capacity units it 
considerably reduces the loss of output since on-load location of the leaks is now 
possible. 
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Figure 4-1: Cooling water circuit. 
 
Source: Power point presentation:”Conenser+Cooling Water”, EDF KNPS training material, 2001 
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Figure 4-3: Schematic illustration of locating tube failure using the foam method. 
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Figure 4-2: Schematic illustration of locating tube failure using flooding method. 
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Figure 4-4: Schematic illustration of a simple bubbler arrangement. 
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5. Eddy Current Method 
5.1. Introduction: 
There are many NDT methods developed for the sole purpose of heat exchanger 
tube inspection. The basic concepts of these methods are the same as other well-
known NDT methods for different geometrical configurations such as 
electromagnetic and ultrasonic methods. Birring [13] described the following as 
the “available” methods for heat exchanger tube inspection: 
• Eddy Current methods: Conventional, Full/Partial saturation and 
Remote field eddy current. 
• Magnetic flux leakage. 
• Ultrasonic internal rotary inspection system (IRIS). 
• Laser optics. 
Selection of the appropriate method depends on the tube material and the 
expected type of defects. Usually two or more methods can be applied, with 
different levels of reliability, to the same heat exchanger tubing to verify the 
obtained results of one method using another. 
This chapter will describe the conventional eddy current method, which is the 
type used in the inspection of KNPS condensers. The chapter starts with a 
definition and a brief description of the principle involved. Secondly, eddy 
current equipment and inspection procedure are introduced in more detail. Next, 
more emphasis is placed on inspection results and the types of reports generated. 
Finally, the limitations of the method are discussed concisely. 
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5.2. Definition and physical principle of Eddy Current Method: 
Eddy current testing may be defined as follows: “An NDT method which is based 
on induction of eddy current in materials being inspected and observing the 
interaction between that current and the materials” [14]. 
The test is performed by making an alternating current to flow in a coil, which 
produces alternating magnetic field around the coil (primary field) (Figure 5-1) 
[16]. This coil is brought close to the inspected conductive surface so that the 
magnetic field cuts the surface and a circular current is induced. This current also 
changing in direction and is called Eddy Current with a magnitude which is 
dependent on conductivity, permeability and the set up geometry of the surface. 
The Eddy current produces its own magnetic field opposing the direction of 
primary field (secondary field). Any change in the material or geometry changes 
the resultant magnetic field, and this change causes a change in the magnitude 
and phase of coil impedance. The change in coil impedance causes a change in 
current flow in the coil which is indicated by a meter in the electric circuit. 
 
5.3. Eddy Current equipment and inspection procedure: 
The most common application of ET in power stations is in the inspection of heat 
exchanger tubes. For this purpose, a special probe called “bobbin coil” is used. 
Bobbin coils contains either a single coil “absolute mode”, or two differentially 
wound coils “differential mode” (Figure 5-2). Absolute mode is used for 
detecting gradual degradation, while differential mode is used to detect sharp 
defects. Modern probes are capable of performing the inspection in both 
differential and absolute modes simultaneously.  
To perform the inspection, the probe is first blown down each tube then slowly 
withdrawn with a constant speed along the tube. The coil arrangement generates 
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a defect signal when the coil impedance amplitude and/or phase deviates from its 
‘defect-free’ value as the coil(s) pass over a defect.  
Two operators are required to carry out the inspection; one at the computer to 
control the inspection and to view and interpret the results, the other at the 
condenser to place, push and withdraw the probe. 
The sensitivity is set by pulling the probe through calibration tubes containing a 
series of artificial defects categorized according to their amplitude. Experience, 
based on examination of typical tubes, suggests what severity of defect is likely 
to result in a leaking tube. Tubes that contain such defects are usually plugged. 
5.4. Results of the Eddy Current inspection: 
Results of eddy current inspection may be displayed in two forms: 
i. Amplitude-time strip chart 
ii. Impedance plane diagrams 
The first type shows the amplitude of defect response versus time (Figure 5-4). 
This type is useful for locating the position of a defect along the tube length, and 
to provide elementary information about its type. On the other hand, the 
impedance plane shows both the amplitude and phase lag of the defect signal. So, 
both types of displays are required for complete interpretation of defect type and 
position. 
The impedance plane displays the trajectory of the end-point of the impedance 
vector as the probe scans the tube length. (Figure 5-3) shows an illustration of 
impedance plane response. The Null Point, represented by number (1), is the 
point at which the magnitude and phase of the coil’s impedance are at their “no-
defect” values. As the impedance changes due to the presence of some defect, the 
impedance vector traces a curve towards the new value at point (2) then returns to 
the null point as the probe leaves the defect location [15]. Real life signals are 
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much more complicated than a simple curve, due to the various parameters that 
affect the inspection (see section 5.5 below). (Figure 5-4) shows a typical real 
eddy current impedance plane and amplitude-time responses [18]. 
Modern eddy current equipment is provided with a documentation software 
package, which stores systematically all results recorded for future analysis. The 
software package also presents the inspection results obtained in several types of 
reports. Such reports include an Overall summary report, Pass summary report, 
Colour-coded tube sheet reports, Plugging plan reports and Detailed result tables. 
The overall summary report provides the overall condition of the inspected 
condenser. This information is presented in terms of percentages of defective 
tubes categorized by their type and severity. 
The pass summary report provides the same type of information of the overall 
report but for a certain “pass” instead of the whole condenser. The pass is a group 
of tubes close to each other that have the same inflow direction. 
Colour-coded tube sheet reports are probably the most informative. It provides 
the inspection result for each single tube using colours to represent the type and 
percentage of defect severity. 
The plugging plan is a special type of the colour-coded tube sheet reports. In fact, 
it is an adapted version of the latter filtered for the tubes recommended for 
plugging. The filtering is done based on some criteria specified by the 
maintenance personnel, for example: “tubes which are 70% defective or more”. 
Finally, the detailed result tables provide information about each detected defect. 
The information includes the tube affected, the axial position of the defect, the 
type and severity of the defect. 
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5.5. Limitations of Eddy Current Method: 
Eddy current method is very sensitive to surface and subsurface defects, and is 
relatively inexpensive compared to other NDT methods. Moreover, other 
advantages include the ability to make the equipment automated and portable. 
However, there are some limitations that worth mentioning.  
Firstly, the complexity of the method implies that it requires relatively highly 
trained operators. This issue, however, became less significant with the recent 
advances in equipment computerization. 
Secondly, there are a large number of electromagnetic and geometric factors that 
give rise to eddy current signals which makes interpretation difficult.  
Electromagnetic factors include the frequency of inspection in addition to two 
material properties: electrical conductivity and magnetic permeability. On the 
other hand, geometric factors include the gap between the probe and the sample 
“known as lift-off”, the probe’s proximity to sample edges, sample geometry 
“thickness, shape”, and the probe characteristics “loop area, number of turns, 
wire diameter”.  Nevertheless, there are some solutions to improve detection 
sensitivity to certain defects which include using both differential and absolute 
modes of inspection, phase rotation, null point manipulation and multi-frequency 
inspection. 
Next, the limited depth of penetration of eddy currents limits detection sensitivity 
to surface and subsurface defects. Eddy current density drops exponentially with 
increasing depth, so deep defect responses become too weak to be detected. 
Finally, the method is limited to non-ferromagnetic materials, i.e. high-
conductivity, low-permeability materials such as copper alloys and aluminium. 
The reason is the fact that the high permeability of ferromagnetic materials 
increases the probes inductance to values much greater that what is caused by the 
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secondary field induced by eddy currents. Other eddy current methods rather than 
the conventional may be used to inspect these materials. Examples of such 
methods are the partial and full saturation eddy current methods. 
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Figure 5-2: Common Eddy current probe configurations. Bobbin coils, absolute and differential, 
are shown in the middle. 
Source: P.J. Shull, “Nondestructive Evaluation Theory Techniques and Application”, Chapter 5: Eddy 
Current, Marcel Dekker Inc, New York, 2001. 
Figure 5-1: Eddy current inspection principle 
Source: The Collaboration for NDT Education, Power Point Presentation: “Introduction  to Nondestructive 
Testing”, http:\\ www.ndt-ed.org. 
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Figure 5-3: An illustration of impedance plane response. At point (1) the impedance is at its 
“no-defect” value or the null point. Point (2) represents the value of impedance at some defect.
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Figure 5-4: Real eddy current signal displays. Up “red box”: impedance plane phase display. 
Bottom ”Black box”: Amplitude-time chart. 
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6. Discussion and Analysis  
6.1. Evaluation of KNPS Eddy Current Implementation Approach: 
6.1.1. Before Eddy Current Inspection: 
KNPS forced “or unplanned” outage statistics for the period between the start of 
2003 and the end of 2007 were studied to investigate the significance of 
condenser tube failures reported for Unit 1 and 2 to the output of the power 
station.  
The pie chart of (Figure 6-1) clearly shows that 36% of the generation loss during 
the study period was due to condenser tube failures among many other reasons. 
On the other hand, (Figure 6-2) shows that almost only Unit 1&2 are responsible 
for this loss of generation, with a minor contribution from Unit 3 in 2005. The 
latter graph also shows that Unit 1 is the major contributor. (Table 6-3) shows the 
same fact in terms of number of outages instead of generation losses. 
(Table 6-2) shows a timeline of tube failure incidents during the selected 5-year 
study period. Also mentioned is the number of leaking tubes detected for each 
incident happened during the first three years. Unfortunately, this number is 
unknown for the remaining two years, because in the record keeping, this 
important piece of information was ignored. The average number of leaking tubes 
per incident is about 2. However, it is very important to notice that in many cases 
a single leaking tube was enough to cause an unacceptable contamination of 
boiler water leading to a forced outage of the unit. 
 
6.1.2. Eddy Current Inspection carried out: 
Eddy current inspection was carried out on Unit 2 Condenser tubes during the 
January 2005 annual planned outage by a professional NDT company.  
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Unit 1 inspection was carried out by a different NDT company during a special 
outage for this purpose between 20/2/2007 and 1/3/2007. Specifications of test 
equipment and inspection parameters are shown on (Table 6-1) below. 
 
Table 6-1: Specifications of eddy current equipment and inspection parameters 
Item Unit 1 Unit 2 
Type and brand of the used 
device 
Rohmann PL340 R/D Tech TC5700 
Probe specifications  Difference/Absolute Probe -
21,5 mm 
Difference/Absolute  MBI 20 
mm  
Test frequencies 25 kHz, 30.08kHz f90 – 13.4 kHz, f90/2 – 6.7 
kHz 
 
For both units, a 100% inspection of the full length of condenser tubes for 
detecting internal and external wall loss was carried out excluding: 
i. Tubes that were already plugged. 
ii. Tubes blocked totally or partially by deposits or debris to an extent that 
does not permit passing the eddy current probe. 
Results were categorized according to the severity of defects into the following 
classes “available for Unit 1 only into internal and external defects separately”: 
20-29%, 30-39%, 40-49%, 50-59%, 60-69%, 70-79%, 80-89%, and 90-99%. 
Defects less than 20% were considered as non-relevant indications (NRI). 
Several color-coded tube sheet drawings were used to summarize and illustrate 
the results obtained. Detailed results were provided in the form of data tables 
showing locations of the defects along the tube length in a field named as the ‘z-
position’. 
For Unit 1, a special group of color-coded tube sheet drawings were provided to 
illustrate the recommended plugging plans for three different scenarios:  
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i. Plugging blocked tubes and tubes with internal or external 
defect severity greater than or equal to 60%. 
ii. Plugging blocked tubes and tubes with internal or external 
defect severity greater than or equal to 70%. 
iii. Plugging blocked tubes and tubes with internal or external 
defect severity greater than or equal to 80%. 
These three scenarios were provided for the maintenance department to select the 
most convenient option based on the required level of reliability. Blocked tubes 
were recommended for plugging in all scenarios to avoid the risk despite the fact 
that they were not inspected at all. 
Similarly, plugging plans were provided for Unit 2. However, here the plugging 
plans were smarter, using defect causes to justify plugging recommendations. 
 
6.1.3. After the Eddy Current Inspection: 
6.1.3.1. Maintenance Actions taken: 
Based on the results of the inspection, the following actions were taken by the 
station management: 
i. Plugging Unit 2 condenser tubes with 60% or more defects, in addition 
to steam eroded tubes recommended by the inspection company in the 
upper left pass (AU). This resulted in plugging 147 tubes, raising the 
percentage of total plugged tubes to 3.5% (Table 6-4). 
ii. Plugging Unit 1 condenser tubes with 60% or more defects, and 
therefore taking the safest option compared to other scenarios. This 
resulted in plugging 1441 tubes, which makes the percentage of 
plugged tubes equal to 30.9% of the total number of tubes (Table 6-5). 
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iii. Ordering two complete sets of condenser tubes to re-tube both 
condensers in the next annual outage. This decision was taken for two 
reasons: 
a. The percentage of plugged tubes of Unit 1 condenser has 
exceeded the 10% limit recommended by the manufacturer as the 
maximum allowed figure for satisfactory condenser performance. 
b. In both units, the number of tubes with defects between 40-59% 
is considerably larger than the 60-100%, which means that the 
risk of potential tube failures is very high (Tables 6-7 and 6-8). 
 
6.1.3.2. Improvements Achieved: 
By looking at the tube failure history of Unit 1 (Table 6-2) during the study 
period between the start of 2003 and the end of 2007, it is quite obvious that after 
the eddy current inspection completely NO tube failure incident occurred. This 
no-failure period is about 9 months, which is longer than any period between 
failures since 2004. The history of Unit 2 gives more obvious indication of the 
success, since only a single incident occurred in a 3-year period between 2004 
and 2008. 
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6.2. Alternative Analysis of Eddy current inspection results: 
6.2.1. Preliminary Discussion: 
Despite the straightforward benefits achieved by the implementation approach 
adopted by KNPS management, there are some overlooked points. It can be 
clearly seen from the discussion above that among all the information provided 
by eddy current inspection plugging plans was the only thing to be used. Detailed 
colour coded reports and data tables were not utilized at all. This reflects that the 
main aim was to plug defective tubes without paying attention to the state of 
activity of failure mechanisms. Consequently, if the failure mechanisms are still 
active the remaining defect-free tubes will be on its way to failure. Moreover, 
active failure mechanisms will certainly be driving the newly installed tubes, 
after the re-tubing, to the same destiny of the old ones. 
The following section shows an attempt to do what should have been done: a 
complete analysis of eddy current results. The goal is to find the root causes of 
the defects reported by fully utilizing eddy current results, taking into 
consideration: design data, expected failure mechanisms, the aggressive 
surrounding environment and operation and maintenance history. 
 
6.2.2. Analysis of Unit 1 results: 
i. There was NO tube without defect or with a defect severity less than 
20% (Table 6-7). 
ii. The vast majority of the defects are internal with a severity between 
30 to 60% (Table 6-6). 
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iii. External defects are much fewer compared to internals. Tubes with 
external defect of 60% or more contribute to only 0.5% of the total 
number of tubes (Table 6-6). 
iv. Lower Left pass (AL) (Figure 6-3): external defects concentrated in 
the upper left side of this pass, the axial (Z) position of which is 
mainly at sagging plates close to the inlet/outlet tube sheet. The 
distribution of internal defects appears to be random but there is a 
concentration of high internally defective tubes (between 70 to 90%) 
in the lower left side. 
v. Lower Right pass (BL) (Figure 6-4): similar defect pattern to that of 
the lower left side but in a mirror image fashion. 
vi. Upper Left pass (AU) (Figure 6-5): no external defects. Sever internal 
defects is concentrated in the upper and lower sides of the tube bundle. 
vii. Upper Right pass (BU) (Figure 6-6): also no external defects and a 
similar internal defect pattern to the left upper but the distribution is 
much more random. This pass has the largest number of blocked 
tubes, which are equally distributed over the whole bundle. 
 
6.2.3. Comparison with Unit 2 results: 
i. There were a few number of tubes with defect severity between 0-19% 
(Table 6-8). 
ii. Defect indications were mainly internal and pit type the distribution of 
which appeared to be random according to the written inspection report 
[17]. 
iii. The severity of the external defects was much less compared to Unit 1 
since there are only 4 tubes of “more than 60% external defect”. 
Nevertheless, the percentage of total number of external defects is about 
6.4% of the total number of tubes which 4 times larger than Unit 1’s. 
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iv. Lower Left pass (AL) (Figure 6-7): external defects showed a pattern 
exactly like Unit1’s, since they were also concentrated in the upper left 
side of this pass due to aggressive condensate attack.  
v. Lower Right pass (BL) (Figure 6-8): exactly similar external defect pattern 
to that adjacent pass in Unit 1. Huge accumulation of plugged tubes in 
close proximity to the ones with external defects supports this hypothesis. 
vi. Upper Left pass (AU) (Figure 6-9): An area of external steam erosion was 
found with a maximum external defect severity of approximately 50%. 
vii. Upper Right pass (BU): nothing was mentioned about the pattern of 
external defects. 
 
6.2.4. Discussion of comparison findings: 
Similarity of the internal defect patterns (both random) and in both units is 
consistent with the fact that both units were subjected to the same untreated 
cooling water between 1983 and 2002. During this period, tube inner diameter 
scale was a serious problem that causes lowering of unit performance due to the 
resulting poor heat transfer. Unfortunately, frequent acid cleaning was the only 
effective way to remove the scale, which caused premature end of tube life. 
Similarity of external defect patterns in lower tube bundles of both unit 
condensers is consistent with the design arrangement of the tube bundle. These 
groups of tubes belong to the air-cooling section of the condenser below the air 
extraction baffles and directly next to the air suction branches. Correspondingly, 
the presence of such defect pattern in this area is a characteristic of ammonia 
attack in the form of pits on the external tube surface, with grooving at points 
adjacent to tube plates and support plates, which is consistent with the axial 
location of these defects. The ultimate solution to this problem is to replace air 
cooling tubes section of the condenser by tubes of more ammonia corrosion 
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resisting material such as titanium, taking into account its compatibility with 
other alloys used in condenser construction to prevent anodic corrosion. 
The difference of external defect patterns in the upper passes may be justified by 
the different exhaust steam quality. This hypothesis may be supported by the 
recent history of low-pressure blade failures of Unit 2, since both last row blades 
and upper condenser tubes are affected with the erosive effect of wet exhaust 
steam. Another probably stronger possibility is the erosion being the result of the 
hot feed water heater and bled steam drains from condenser flash box, which is 
connected to this area. 
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Table 6-2: A time line showing relevant condenser tube failure incidents reported during the 2003-
2007 period, eddy current inspections and re-tubing events 
Year Month Unit 1 (day, No. of tubes) 
Unit 2 
(day, No. of tubes) Remarks 
20
03
 
Jan 
to 
Dec 
- - No Tube failure incidents were reported throughout the year 
Jan - -   
Feb - -   
Mar - 18th, 1 tube   
Apr 9th, 2 tubes - Unit1: another irrelevant incident on Apr,11st 
May - -   
Jun - -   
Jul 26th, 1 tube -   
Aug - -   
Sep 25th, 1 tube -   
Oct - 18th, 1 tube   
Nov - -   
20
04
 
Dec - 13th, 2 tubes   
Jan - 
Feb - 
Eddy Current Inspection Unit2: ET inspection performed by MP Co. between 
Jan,26th and Feb, 3rd during annual overhaul. 
Mar - -   
Apr - -   
May 29th, 2 tubes -   
Jun - -   
Jul - -   
Aug - -   
Sep - -   
Oct - -   
Nov 21st, 4 tubes & 30th, 2 tubes -   
20
05
 
Dec 5th, 3 tubes -   
Jan Eddy Current Inspection - 
Feb - - 
Unit1: ET inspection performed by DTect Co. during 
annual overhaul. 
Mar - -   
Apr - -   
May 11st, ? tubes -   
Jun 19th, ? tubes - 
Jul - - 
Unit2: two irrelevant incidents on Jun,24th and July,7th due 
to turbine blade failure 
Aug - -   
Sep - -   
Oct - -   
Nov - -   
20
06
 
Dec - -   
Jan 27th, ? tubes -   
Feb 3rd,? Tubes & 7th,? tubes - 
Mar Eddy Current Inspection - 
Unit1: ET inspection performed by Delta Test Co. between 
Feb,20th and Mar,1st during annual overhaul. 
Apr - -   
May - -   
Jun - - 
Jul - -   
Aug - -   
Sep - 21st, ? tubes   
Oct - -   
Nov - - 
20
07
 
Dec Condenser Re-tubing 
Both units were re-tubed between Dec 2007 and Feb 
2008 
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Table 6-3: Number of forced outages for the period 2003-2007 
Year No of Forced outages U1 
No of Forced 
outages U2 
No of Forced 
outages U3 
No of Forced 
outages U4 
Total No of 
Forced 
outages 
2003 0 0 0 0 0 
2004 4 3 0 0 7 
2005 4 0 1 0 5 
2006 2 1 0 0 3 
2007 3 1 0 0 4 
Total 13 5 1 0 19 
 
 
 
Table 6-4: Unit 2 condenser tube plugging condition after eddy current inspection 
Pass Initially Plugged Plugged after Eddy current inspection Total % of pass 
AU 2 63 65 5.1% 
AL 7 9 16 1.2% 
BU 7 34 41 3.2% 
BL 18 41 59 4.6% 
Total 34 147 181 3.5% 
Key: AU: Upper left, AL: Lower left, BU: Upper right, BL: Lower right 
 
 
Table 6-5: Unit 1 condenser tube plugging condition after eddy current inspection 
Pass Initially Plugged Plugged after Eddy current inspection Total % of pass 
AU 51 271 322 25.0% 
AL 24 347 371 28.8% 
BU 38 380 418 32.5% 
BL 35 443 478 37.2% 
Total 148 1441 1589 30.9% 
Key: AU: Upper left, AL: Lower left, BU: Upper right, BL: Lower right 
 
54 
 
 
Table 6-6 :Unit 1 detailed eddy current results  
Pass 0-19% 20-39% 40-59% 60-100% Plugged Blocked Total 
AU int 0 362 601 242 51 29   
AU ext 0 0 1 0     
AU Total 0 362 602 242 51 29 1286 
AL int 0 363 541 326 24 0   
AL ext 0 0 11 21     
AL Total 0 363 552 347 24 0 1286 
BU int 0 456 412 255 38 125   
BU ext 0 0 0 0     
BU Total 0 456 412 255 38 125 1286 
BL int 0 386 408 435 35 4   
BL ext 0 1 13 4     
BL Total 0 387 421 439 35 4 1286 
GrandTota
l 0 1568 1987 1283 148 158 5144 
Key: AU: Upper left, AL: Lower left, BU: Upper right, BL: Lower right, int: internal defect, ext: 
external defect 
 
Table 6-7: Unit 1 Eddy current results summary 
Pass  0-19%  20-39%  40-59%  60-100%  Plugged  Blocked  Total 
AU 0 362 602 242 51 29 1286 
AL 0 363 552 347 24 0 1286 
BU 0 456 412 255 38 125 1286 
BL 0 387 421 439 35 4 1286 
Total 0 1568 1987 1283 148 158 5144 
Key: AU: Upper left, AL: Lower left, BU: Upper right, BL: Lower right 
 
 
Table 6-8: Unit 2 Eddy current results summary 
Pass  0-19%  20-39%  40-59%  60-100%  Plugged  Blocked  Total 
AU 41 699 502 7 2 35 1286 
AL 112 620 538 8 7 1 1286 
BU 64 516 664 18 7 16 1286 
BL 96 445 686 28 18 13 1286 
Total 313 2280 2390 61 34 65 5144 
Key: AU: Upper left, AL: Lower left, BU: Upper right, BL: Lower right 
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Figure 6-3: Eddy current results for Unit 1 condenser lower left pass (AL). Marked areas 
illustrates areas of high accumulation of tubes with external defects and plugged 
tubes. 
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Figure 6-4: Eddy current results for Unit 1 condenser lower right pass (BL). Marked areas 
illustrates areas of high accumulation of tubes with external defects and plugged 
tubes. 
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Figure 6-5: Eddy current results for Unit 1 condenser upper left pass (AU). 
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Figure 6-6: Eddy current results for Unit 1 condenser upper right pass (BU). 
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Figure 6-7: Eddy current results for Unit 2 condenser lower left pass (AL) filtered for external 
defects due to aggressive condensate attack. 
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Figure 6-8: Eddy current results for Unit 2 condenser lower right pass (BL) filtered for external 
defects due to aggressive condensate attack. 
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Figure 6-9: Eddy current results for Unit 2 condenser upper left pass (AU) filtered for external 
defects due to steam erosion. 
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7. Conclusion and recommendations 
7.1. Conclusion: 
In this study, an evaluation of the NDT experience of KNPS was done. The main 
focus was to evaluate the approach implemented in KNPS to utilize eddy current 
inspection findings in solving the problem of the frequent unplanned outages due 
to condenser tube failures. KNPS outage statistics were examined to realize the 
significance of condenser tube failures to the output of the power station, and to 
measure the improvement achieved by using eddy current. 
The factors that affect the life span of condenser tubes related to condenser 
design, maintenance practices and water chemistry were investigated to deduce 
the expected condenser tube failure mechanisms. 
The history of Unit 2 and Unit1 condenser tube failures before and after the eddy 
current inspection was examined to assess the benefits obtained. 
Results of Unit 2 and Unit 1 condenser eddy current tube inspection, performed 
on 2005 and 2007, respectively, were analyzed. The aim was to find the pattern 
of defective tube distribution among the tube-nest, taking into account the 
position of the defects along the tube length. Then the resulting pattern was 
compared to the expected failure pattern. 
According to the results of this study, the following may be concluded: 
• The eddy current condenser tube inspection method has been proven to 
be very effective in providing fairly reliable data that could be utilized 
to achieve: 
a. Short-term benefits, by taking immediate maintenance actions 
that dramatically reduce production losses due to potential 
unplanned outages. This was realized by the effective tube 
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plugging plans that successfully reduced the frequency of 
condenser tube failures in Unit 1 from 3 per year to zero during 
the selected study period. 
b. Long-term benefits, by fully analyzing the results obtained to 
detect and eliminate the root causes of failures. In addition to the 
eddy current data, more information is required to find the root-
causes of tube failures. This information include: 
? Detailed design philosophy of the condenser. 
? Properties of tube material and its interaction with the 
surrounding environment. 
? Cooling water and feed water chemistry. 
? Operation and maintenance history. 
 
7.2. Recommendations: 
• Optimum utilization of eddy current data requires improving historical 
record keeping of failure cases, maintenance actions performed, 
chemical analysis results and operational data to be utilized in the root 
cause analysis of failures. This is best achieved by the activation and 
improvement of the existing computer applications, such as Lotus 
Notes database and WOMS maintenance management system. 
• Extend the usage of eddy current method to similar heat exchangers 
where applicable. 
• Consider replacing the tubes of the air cooling section of the condenser 
by tubes of more ammonia corrosion resisting material such as titanium, 
taking into account its compatibility with other alloys used in condenser 
construction to prevent anodic corrosion. 
• Improve the control of cooling water quality. 
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• Take immediate actions to put online chemical monitoring equipment 
into service. 
• Conduct further studies to see if other NDT inspections could be 
implemented in KNPS, focusing on the most critical areas such as 
turbines, boilers and generators. 
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